Study of Ultrastructure of the
Dentin and Pulp In consideration of the first point of our objectives, we are aware that the pulp organ throughout life is composed of cells, intercellular substance, and fibers. We know that the cells of the pulp organ are fibrocytes or fibroblasts located throughout the pulp and that the specialized odontoblasts are located along the periphery of the pulp at the border of the predentin. It is probable that all of these cells have a common origin. The fibroblasts of the pulp produce collagen that may appear in the pulp as diffuse fibers, or it may form bundles throughout the pulp.
Professor Baume, who wvas originally scheduled to participate in this session, was unable to attend because of illness. Dr. Avery very kindly agreed to substitute for him.
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The odontoblasts develop collagen necessary for the production of the dentin and are the first cells of the pulp to be affected by external stimuli since their processes exist in the surrounding dentin.
The larger blood vessels are centrally located in the pulp and it is of interest that they appear relatively thin walled when compared witth vessels in otlher connective tissue areas of the body but that they are not as thin walled as vessels in some organs. The vessels of the pulp help characterize this organ as one different from any other in the body. The larger vessels have several layers of smooth muscle cells separated by a 300 to 500 A basal lamina wlhich surround the endothelial cells lining these vessels. These vessels have numerous adjacent nerve fibers, many of whicl are myelinated. The large myelinated nerves probably function in fast conduction of about 60 to 120 meters per second, and smaller nonmyelinated nerves also can be seen near the vessels which may be sympathetic in nature and related to the dilation and constriction of these vessels.
The larger vessels and nerves branch to the peripheral pulp where capillaries and precapillaries are seen in the odontogenic regions (Figs 1, 2 ). The capillaries are found to have an incomplete smooth muscle coat surrounding the endothelial cells and occasionally pericapillary cells or fibroblasts are found on the surface of these small vessels. Near the predentin are thin-walled capillaries (that Dr. Frank' has described), which have thin sections and thicker sections where pericytes or capillary-associated fibroblasts are found (Fig 1) . Wrane that is conlitnuous with endothelial cell svall.
appears to be continuous on eitlher side of the pore withl the endothelial cell wall2 (Fig 3) . The fragile nature of these vessels near the predentin makes them especially vulnerable to tratuma of the adjacent dentinal tissue. WVe are aware that tlhe capillaries in this region are torturous and entwine about the odontoblasts, especially in the early stages of tooth formation.2 Later, after the period of rapid dentin formation, the peripheral capillaries recede into a subodontoblastic location.
The odontoblast is of interest to all of uis, insofar as it is a cell that maintains the dentin vitality whiile ftunctioning in dentin matrix formation throughout life. At the same time, the process of this cell becomes increasingly longer until the total process is many times the size of the cell body. The cytoplasm of the odontoblast process appears nearly free of organelles and contains only occasional microvesicles, microtubules, or dark granular bodies. The cytoplasm of the processes contrast with nerve fibers that may lie adjacent to them (Fig 4) . The processes are best described as containing numerous long, fine, longitudinally arranged filaments ( Fig 5) . The odontoblast processes have numerous branches that appear at right angles to the main processes and exist in small canaliculi extendiug from the dentinal tubules toward adjacent dentinal tubules ( Fig 5) . Thus dentin, like pulp, is a highly vital tissue capable of response to any Drs. Corpron, Cox, Lee, and I3 have reported two types of nerve endings in the area of the predentin and have observed an intimate relationslhip between the odontoblast and its process witlh the terminal portions of these intrapulpal and intratubular nerves. Nonmyelinated nerves may pass between the odontoblasts to terminate in the tubule (Fig 4) . They may lie adjacent to the odontoblast process and may exhiibit alternating constrictions and dilations of the nerves and the process ( Fig 5) . This creates an increased surface area between these two structures. This lias been commented on earlier by Frank.4 Some of these nerve endings found in this location have vesicles that are small and comparatively Hand5 described ultrastructural differences in adrenergic and clholinergic nerve terminals based on the size and electron density of the granules. Wh-en an experimental animal has lhad 5-OH-dopamine (33 mg/gm of body weight) injected intraperitoneally, this false neurotransmitter localizes in the adrenergic nerve endings. This substance is then precipitated by glutaraldelhyde and re-duLced by osmic acid fixation and appears as electron-dense core vesicles of the adrenergic endings.6 These can be seen in otherwise unstained sections along the walls of these vessels.
Fic. 8.-Nerxe ending located adjacenlt to blood vessel nlear ceniter of puilp. Specimei wsas injected with 5-OH-dopamine 30 miniuites befoie animal was killed. Sectioni is otherwise ullstained. B190 A VERY In this case, 5-OH-dopamine had been injected 30 minutes before the animal was killed. Concentrations are found in some of the endings along tlhe pulpal blood vessels as well as in the predentin adjacent to the odontohlast and their processes (Fig 8) . It is tlhus concluded that some of the endings in these locations are adrenergic and not sensory in natture. To confirm the identity of nerves in the dentinal tubules, resection of the inferior alveolar nerve was done on the left side of mice, leaving the righlt side intact.7.8 Butclher and Taylor9 were among the first to note clhranges in pulps of teethl after neural resection. Degeneration of neural endings adjacent to the odontoblast processes was observed.8 In some cases, however, nerves were found still persisting among odontoblasts and in the area of the predentinal tubules even 21 days after resection ( Fig 9) . Most of these endings contained large vesicles of electron-dense material and thus appeared to he adrenergic in nature.
Further studies on the effect of external trauma on teeth with inferior alveolar nerve resection were carried out. Cavities of similar size and depth were placed in the right and left central incisors of rabbits 14 days after inferior alveolar nerve (IAN) resection and the pulps were evaluated 14 and 35 days later.10 Excessive amounts of dentin were found in the incisors only on the resected side.3 It is of interest that the excessive response dentin appears different in nature than the normal tubular dentin Ftc 10.-Incisor cross section shows dentin formedl after inferior alv-colais nerve resection anid amputation of tip of tooth. Denitin appears altered in structure (Silver stain) .
( Fig 10) . It is also of interest that the teetlh lost their ability to deposit dentin only in the area uinderlying a cavity but formed it circumpulpally. Since the mechanism controlling formation of reparative dentin in pulps is still not clarified, it is of interest to speculate what possible effect these nerves may lhave on this process. Because of the finding of excessive deposition of dentin after IAN resection and stimtulation, it coLuld he tlheorized that a parasympathietic component traveling with the IAN also would be resected. This loss could affect the sympatlhetic endings located near the odontoblasts. This could he part of the system that controls reparative dentin formation. If this is true, then whiich are the sensory endings responsible for pain reception? Since any parasympathetic component is cholinergic it may be difficult to identify from pain receptors by use of present, commonly known techniques. It is olvious there are still many questions unanswered concerning the explanation of the control of dentin formation to external stimuli.
Study of Effect of Dentin Materials
on Pulp and Dentin The next objective is to discuss the continued need for uniform testing procedures whien we conduct studies on pulpal response to restorative agents. We followed the recommendledt procedures as set forth by the Committee on Standard Practice of Evaluation of Dental Materials'1 (Fig 11) . In our current studies, intact, noncarious teeth of rhesus monkeys were used. The value of uniformly healthy teeth can be realized, although more pharmacologic agents in use today should be evaluated on the inflamed pulp as well.1" Investigators are working on a means of producing uniform inflammatory conditions for this purpose. In our attempt to attain a uniform cavity size in this study, Class V cavities were prepared with a No. 35 inverted cone bur using V2 times the bur width in occluso-cervical height and depth and three times the bur width in mesiodistal diameter. We found this depth resulted in approximately 0.5 mm remaining dentin, and because of the ease of direct viewing, we were able to attain a fairly accurate cavity size using this method. Five test cavities for each compound were used at three time periods of three days, five weeks, and eight weeks. All compounds were placed in an equivalent number of anterior and posterior, maxillary and mandibular teeth to ensure uniform distribution in all types of teeth. New burs were used for every fourth cavity preparation with efficient water spray coolant to maintain consistent cutting conditions and minimal trauma. When each animal was killed, it was anesthetized and perfused with saline solution and phosphate-buffered Formalin (PBF). The teeth were extracted by removing the buccal plate, allowing gentle elevation of the teeth from the sockets. The apical third of the root tip was then removed with a surgical bur and the tooth placed in PBF. hliey were tlhen prepared by routine hiistological methods uising the paraffin metlhod to allow ribboning and to facilitate serial sections tlirouglh tlhe critical areas. The restorations were placed and charted using a coded recording system for the teethl (Fig  12) . The histological evaluation was done separately by two investigators. The findings of two separate operators were based on the following criteria.
A great deal of discussion could evolve about the parameters of classification of a reaction site as either slight, moderate, or severe. We lhave characterized a severe reaction as one witlh decided inflammatory cell infiltration adjacent to the cavity site; hy- possibly small lhemorrhages in the odontogenic zone; irregularities in the odontoblastic layer may be observed. Today, most investigators evaluating dental materials are using the guidelines of the recommended Standard Practices, which will allow evaluation of results with greater ease and accuracy. With the foregoing criteria well in mind in our studies, at least two investigators would examine each slide separately and later final analysis would be compared. Where disagreement arose, a third investigator would evaluate and there would be a reevaluation by all three investigators until agreement was reached. Both remaining and reparative dentin was measured with an optical micrometer.
The comparative response of the pulp to various restorative materials in the current study is shown in Figures 13 and 14 . All compounds cause an initial response but this may be slight by the time of the five-week analysis period as in the case of zinc oxide eugenol or polycarboxylates; it may be moderate for composites or calcium hydroxide compounds or severe as in the case of silicates. Each group of compounds has a number of interesting characteristics. This is particularly true of the calcium hydroxide liners. Most calcium hydroxide compounds cause a moderate initial reaction (Fig 13) ; at later intervals the reaction decreases and a layer of reparative dentin is seen (Fig 14) . The amount of reparative dentin deposited is greater with some calcium hydroxide compounds than others. The reaction of the exposed pulp to calcium lhydroxide produces inflammation of longer duration and severity than in the nonexposed. We, of course, are odontoblasts are not disrupted. B194 A VERY considering the normal pulp in these studies. It has been shown that calcium hydroxide may not have any beneficial effects on healing on the exposed inflamed pulp.12 Some calcium hydroxide compounds do not induce reparative dentin formation on exposures as readily as others (Fig 15) . This has been investigated by Stanley and Lundy.13 It is of interest that most calcium hydroxide compounds will induce reparative dentin underlying a cavity much more readily than in an exposure (Fig 15) . After five weeks, most modern day composites will induce reparative dentin formation and may show signs of slight inflammatory conditions (Fig 16) . In comparison, zinc oxide shows little reparative dentin formation but there is a persistence of inflammatory cells underlying the cavity floor (Fig 17) . The initial response of a normal pulp to a silicate restoration is usually mild in a cavity with 0.5 mm remaining dentin (Fig 18) . The closer to the pulp, the greater is the reaction, however. There is more variation in the response that different composites cause when they are placed in contact with the pulp rather than in a aI 0 cavity. Some may cause as severe a reaction as silicate (Fig 19) . The quality and amount of reparative dentin should also be considered in pulpal evaluation. On an exposed pulp, silicate causes a severe reaction with abscess formation (Fig 19) . Silicate will stimulate dentin formation underlying a cavity (Fig 19) . It is of interest that silicates, composites, and calcium hydroxide compounds all form quite regular reparative dentin underlying intact dentin but only some calcium hydroxide compounds cause reparative dentin formation when these chemical substances are placed in contact with the pulp. Polycarboxylate cement was introduced by Smith in 196812 and its biologic properties have not yet been extensively investigated.4-16 Our observations showed a slight reaction at three days ( Fig  20) and the same at five and eight weeks. Reparative dentin did appear at the later time periods. These compounds thus responded similarly to zinc oxide eugenol cements except for the addition of reparative dentin in the case of the polycarboxylate compound. When these compounds were placed in contact with the pulp, the inflam-NON-EXPOSED PULP matory process increased over cavity placement but was moderate at the fiveand eight-week time periods. The response in both the nonexposed and exposed situations was similar to that of zinc oxide eugenol.
In summary, the most important point that I hope I have made is to encourage a standard reproducible method of testing pharmacologic agents on the dental pulp. The guidelines have been published, and they present a model which we used and improved on as additional information became available. Classification of results is another area of concern, as some use a numerical score and others use descriptive terms. Again, a definition of terms will help clarify the system for the reader. The final two charts are presented to illustrate in summary form the results attained in the present study of agents placed in cavities and in exposed pulps (Figs 21, 22) . The several calcium hydroxide and composite compounds are separated into two response categories to illustrate the differences some of these compounds elicit. In our experience they seem to fall into two groups. The more recent compounds reaching the market appear to be formulated with care concerning their material as well as biologic properties. This is a tribute to the many investigators at this conference and others who are striving to present the dental profession with the best possible restorative materials. 
